Membrane fusion and fission reactions underlie the compartmental ization that is a hallmark of all eukaryotic cells. Fusion underlies many processes ranging from fertilization and viral entry to hormone signal ing and synaptic transmission 1,2 . Defects in membranefusion pathways are detrimental to cellular homeostasis and are associated with numer ous human diseases [3] [4] [5] . In most cases, intracellular fusion reactions are directly mediated by soluble Nethylmaleimide-sensitive factor attach ment protein receptors (SNAREs), which form the core of a conserved membrane fusion machine. In presynaptic nerve terminals, the SNARE complex that mediates synaptic vesicle (SV) exocytosis is composed of the vesicular SNARE (vSNARE) synaptobrevin 2 (syb2; also referred to as VAMP2) and the targetmembrane SNAREs (tSNAREs) syntaxin 1A and SNAP25B. These proteins assemble into fourhelix bundles, to which SNAP25B contributes two helices, and syb2 and syx1A contrib ute one helix each 6 . v and tSNAREs have been proposed to progres sively zipper from their Nterminal domains toward their Cterminal domains, pulling the bilayers together and providing sufficient energy for fusion. SNAREcomplex assembly is strictly regulated by a large number of regulatory factors 7 , including synaptotagmin 1 (syt1), a Ca 2+ sensor that triggers rapid neuronal exocytosis [8] [9] [10] .
a r t i c l e s
Membrane fusion and fission reactions underlie the compartmental ization that is a hallmark of all eukaryotic cells. Fusion underlies many processes ranging from fertilization and viral entry to hormone signal ing and synaptic transmission 1, 2 . Defects in membranefusion pathways are detrimental to cellular homeostasis and are associated with numer ous human diseases [3] [4] [5] . In most cases, intracellular fusion reactions are directly mediated by soluble Nethylmaleimide-sensitive factor attach ment protein receptors (SNAREs), which form the core of a conserved membrane fusion machine. In presynaptic nerve terminals, the SNARE complex that mediates synaptic vesicle (SV) exocytosis is composed of the vesicular SNARE (vSNARE) synaptobrevin 2 (syb2; also referred to as VAMP2) and the targetmembrane SNAREs (tSNAREs) syntaxin 1A and SNAP25B. These proteins assemble into fourhelix bundles, to which SNAP25B contributes two helices, and syb2 and syx1A contrib ute one helix each 6 . v and tSNAREs have been proposed to progres sively zipper from their Nterminal domains toward their Cterminal domains, pulling the bilayers together and providing sufficient energy for fusion. SNAREcomplex assembly is strictly regulated by a large number of regulatory factors 7 , including synaptotagmin 1 (syt1), a Ca 2+ sensor that triggers rapid neuronal exocytosis [8] [9] [10] .
Although the central role of SNAREs in membrane fusion is well established, the structure of the fusion pore remains enigmatic. Two distinct hypotheses have been proposed [11] [12] [13] . In the lipidstalk fusion hypothesis, the outer leaflets of the membranes destined to fuse merge, initially forming a hemifusion stalk that resolves to a hemifusion diaphragm; the fusion pore then forms in the diaphragm and is purely lipidic 14 . This model is supported by molecular dynamic simulations and by physical chemistry experiments showing that membrane fusion, under specific conditions, can occur in the absence of proteins [15] [16] [17] [18] . Alternatively, a proteinaceous fusionpore model has also been proposed, in which the fusion pore is lined by the transmembrane domains (TMDs) of syntaxin1A and synaptobrevin 2 (ref. 11) . This model is supported by experiments showing that muta tions in the transmembrane domains of SNARE proteins alter the flux of hormones through fusion pores in a predictable manner [19] [20] [21] .
A major limitation in the study of fusion pores concerns their ephem eral nature. For example, in endocrine cells, the duration of the initial open state of the fusion pore is on the order of milliseconds; the pore then either closes (kissandrun exocytosis) or dilates to result in full fusion 11, 22 . The transient nature of fusion pores has severely limited biochemical efforts to probe their composition and structure. Here, we attempt to address this critical question by using the rigid framework of nanodiscs, which prevent the dilation of fusion pores. We developed an assay in which nanodiscs bearing vSNAREs fuse with small unilamellar vesicles (SUVs) contain ing tSNAREs, in a manner accelerated by Ca 2+ and synaptotagmin1. We also made use of a bona fide neurotransmitter, glutamate, to monitor flux through the reconstituted pores via an optical sensor, iGluSnFR 23 . We found that efficient Ca 2+ stimulated bilayer fusion, and glutamate release, required only two molecules of synaptobrevin 2 (syb2) and occurred when we used 6nm nanodiscs. In addition, we determined that the transmembrane domains of SNAREs are exposed to solvent during fusion. Collectively, these data reveal that the fusion pore is formed by a combination of lipids and SNARE transmembrane domains. a r t i c l e s be controlled by the use of different membrane scaffold proteins (MSPs) 26 . In principle, the lipidstalkfusion model could be tested by use of discs that are too small to allow for the formation of a purely lipidic pore. If pores are solely lipidic, they should not form between liposomes and 6nm nanodiscs, whereas robust membrane fusion and content release should be observed with 13nm nanodiscs. Notably, an earlier study has reported bilayer fusion and content release in systems with SNAREs alone and 13nm nanodiscs 27 .
To conduct these experiments, we reconstituted syb2 into nanodiscs, using MSP1D1∆H4-H6 (which yields 6nm discs) 28 and MSPE3D1 (which yields 13nm discs) 26 . Sizeexclusion chromatography (SEC) analysis of these vSNARE-bearing nanodiscs (NdV) revealed sizes of 90 ± 10 and 230 ± 20 kDa (Fig. 1b) , respectively, for these two dis tinct scaffolding proteins. Taking into account the size of the empty 6 and 13nm nanodiscs ( Supplementary Fig. 1a ), we estimated that three and four molecules, respectively, of syb2 were reconstituted into the small and large discs (discussed further below). Using atomic force microscopy (AFM) imaging, we determined the nanodisc diameters to be 7.4 and 14 nm (Fig. 1c,d and Supplementary Fig. 1b) , respectively; moreover, the size distributions were tightly clustered. Because scan ning AFM imaging tends to overestimate the sizes of particles 29 , and because the scaffolding proteins contribute to the measured diameter, the bilayer diameter in the small discs is likely to be 6 nm or less, in agreement with results from previous studies 26, 28 . In addition, we also reconstituted tSNARE heterodimers into nanodiscs ( Supplementary  Fig. 1c,d) . However, because SEC analysis revealed a broad elution profile indicative of a polydisperse sample, we did not use these discs in the following experiments; instead, we focused on NdV.
Bilayer fusion between nanodiscs and proteoliposomes
We first used a lipidmixing assay to test whether 6nm and 13nm nano discs could fuse with tSNARE SUVs (Fig. 2 and Supplementary Fig. 2a) . We reconstituted nanodiscs with syb2, nitro21,3benzoxadiazol4yl (NBD)phosphatidylethanolamine (PE) and rhodaminePE (1.5 mol% each), probes that are widely used to study SNAREcatalyzed fusion 8, 27, 30, 31 . In this system, fusion between NdV and tSNARE liposomes resulted in the dilution of the NBDrhodamine FRET pair and consequent dequenching of the NBD fluorescence, as we observed when using both 6 and 13nm nanodiscs (Fig. 2a,b) . In the presence of the cytoplasmic domain of syt1 (comprising tandem Ca 2+ binding C2 domains tethered together by a short linker, designated C2AB), fusion was inhibited; then, upon addition of Ca 2+ , fusion was strongly stimulated. Lipid mixing was undetectable when we used proteinfree (pf) liposomes or empty nanodiscs, and it was blocked by addition of the cytoplasmic domain of syb2 (cdv) or the cytoplasmic domain of tSNAREs (cdt) (Fig. 2e) , thus demonstrating that lipid mixing was mediated by trans-SNARE pairing.
Because lipid mixing can be the result of hemifusion, rather than full fusion between nanodiscs and liposomes, we used dithionite to determine whether both leaflets fused in the nanodiscSUV fusion assays 8, 27 ; lipid mixing in both leaflets is indicative of full fusion. After initiating lipid mixing, we added dithionite, which irreversibly quenches the fluorescence of NBD. Because dithionite does not readily cross lipid bilayers, the NBD in the inner leaflet would be protected if: (i) full fusion were to occur, and (ii) fusion pores were to close after full fusion (Supplementary Fig. 2a) . Notably, a previous study has reported npg a r t i c l e s that all fusion pores that form between nanodiscs and SUVs ultimately close, prob ably because of the extreme curvature of the fusion product 27 . Protection from dithionite quenching, after fusion, was clearly observable in samples with either 6nm or 13nm nanodiscs but not in detergentsolubilized samples (Fig. 2c,d ). Coflotation assays and AFM imaging revealed that nano discs remained bound to tSNARE liposomes ( Supplementary  Fig. 2d ,e). Therefore, full fusion occurred, and this was followed by closure of fusion pores via a mechanism that did not involve disso ciation of the NdV. We observed no protection of the NBD from dithionite when we used empty nanodiscs ( Supplementary Fig. 2b ) or when we added dithionite at the beginning of the reactions to allow the reducing agent to enter the lumen of SUVs via nascent pores ( Supplementary Fig. 2c ) .
Reconstitution of glutamate release with nanodiscs
The fusion pore formed in nanodiscs can reseal and thus might not remain open long enough for neurotransmitter release, at least under some experimental conditions 27 . To address this, we tested whether a bona fide neurotransmitter, glutamate, could be released through fusion pores formed in the nanodiscSUV fusion assay. We encapsulated glutamate into tSNARE liposomes, which we then incubated with NdV in the presence of the optical sensor for glutamate iGluSnFR 23 . Glutamate flux through the fusion pore resulted in a robust increase in the iGluSnFR fluorescence signal (Fig. 3a) in systems with either 6 or 13nm NdV (Fig. 3b,c) , and release was strongly stimulated by addition of C2AB plus Ca 2+ . We also measured glutamate release under a wide range of nanodisc concentrations ( Supplementary Fig. 3 ). The data revealed a Hill coefficient of ~0.9, which indicated that multiple nanodiscs do not work together, or cooperate, to destabilize vesicles and cause gluta mate release. We conclude that Ca 2+ stimulated bilayer fusion and glutamate release can be reconstituted with 6nm nanodiscs. Finally, we confirmed the findings obtained in the presence of C2AB by also reconstituting fulllength syt1, and we obtained similar results ( Supplementary Fig. 4) .
Previous studies have shown that membrane fusion can be accompa nied by leakage of contentmixing markers 32, 33 , so we set out to deter mine whether the Ca 2+ stimulated release of glutamate indeed occurred through fusion pores or whether there was substantial leakage. To address this, we used SUVSUV fusion assays and took advantage of the gluta mateiGluSnFR reporter system. By placing the sensor in the medium, outside of the liposomes, leakage could readily be measured. This approach sharply contrasts with the common use of selfquenching sol uble fluorescent dyes as content release markers, because these reporters do not discriminate between flux through pores (from the lumen of one SUV to another) and leakage (diffusion into the medium).
We incubated tSNARE liposomes, containing glutamate, with syb2 liposomes in the presence of Ca 2+ and C2AB (Fig. 3d) . Glutamate leakage during fusion between t and vSNARE liposomes was readily monitored via iGluSnFR in the medium. We observed that high levels of syb2 (~1,600 syb2 per vesicle), in conjunction with a high concen tration of Ca 2+ C2AB (10 µM), led to excessive glutamate leakage (~70%). However, when we used low levels of syb2 (~80 syb2 per vesicle) and Ca 2+ C2AB (1 µM), glutamate leakage was only ~5% (Fig. 3e) . Hence, in the subsequent nanodiscSUV fusion experiments we used 1 µM C2AB and always used eight or fewer copies of syb2 per disc, to ensure <5% glutamate leakage. Because glutamate release in the nanodiscSUV system was ~65-70%, neurotransmitter flux in this system mainly occurred through fusion pores; we return to this point further below, in experiments using mutant and modified SNAREs.
Uncoupling lipid mixing from content mixing
In the next series of experiments, we took advantage of the nanodisc SUV fusion system to clarify whether alterations in SNARE proteins could differentially affect lipid mixing versus content release. We perturbed the TMD of syb2 and the SNARE motifs of both syb2 and SNAP25B (Fig. 4a) , and studied how these alterations affected lipid mixing, cargo leakage and cargo flux (Fig. 4b-d) .
Previous studies have proposed that SNARE proteins progressively zipper together, in discrete stages, thereby forming fourhelix bundles 34 . Hence, we used proline mutations, which perturb helices and often break helical continuity 35, 36 , to disrupt the SNARE motif in specific positions. We introduced proline substitutions in the second half of the motif within syb2, at positions 60, 67, 74 and 81 (Fig. 4a) . All of these mutants gave rise to similar levels of membrane leakage (Fig. 4c) but yielded unex pected effects on glutamate release and lipid mixing activity (Fig. 4b,d) . The 60, 67 and 74P mutations resulted in modest, but significant (P < 0.05 by twotailed Student's t test; n = 3 technical replicates) and equal, reductions in lipidmixing activity. These same mutations had larger effects on glutamate release, but again all three mutants appeared to be equivalent. However, a proline at position 81 profoundly inhibited content release compared to lipidmixing activity. These experiments demonstrate that mutations in SNAREs can uncouple their functions in lipid mixing and content release and that the extreme Cterminal end of the SNARE motif has a particularly important role in content release 37 , perhaps by holding the fusion pore open for a long enough time to npg a r t i c l e s allow efficient escape of cargo. These findings are further supported by the observations that deletion of layers 5-7 (∆layer 5-7) in SNAP25B had no effect on membrane leakage, and had only a modest effect on lipid mixing, but strongly inhibited glutamate flux through the pore. Again, the membraneproximal region of the SNARE motif appears to be particularly important for content release. Next, we fused the cytoplasmic domain of syb2 to the cysteinerich segment of the SV protein CSP (cysteine string protein) and anchored the fusion protein onto the headgroup of PE on the nanodisc surface, through a maleimidethiol reaction. The resulting mutant (designated sybCSP) exhibited 30% of the lipid mixing and 10% of the glutamate release activity exhibited by the wildtype protein (Fig. 4b,d) . These results suggest that the TMD of syb2 might also have distinct func tions during lipid mixing versus glutamate release. We explored this issue further by preparing a set of syb2 mutants that contained trunca tions in their TMDs. Stepwise truncations from residue 116 to 108 of syb2 gradually decreased glutamate release yet had no effect on lipid mixing, in agreement with previous work showing that a deletion in the TMD of a yeast vSNARE can result in hemifusion rather than full fusion 38 . In contrast, further truncation by only two additional residues (to position 106) diminished both lipid mixing and glutamate release by 50% (Fig. 4b,d) . Analogously to the results for the proline mutations detailed above, membrane leakage was not significantly affected by these deletions in the SNARE TMDs. In summary, the integrity of the syb2 TMD appears to have a key role in opening the fusion pore 39 or keeping it open, thus yielding efficient glutamate release, but is less important for lipid mixing.
Two Syb2 molecules are sufficient for Ca 2+ -stimulated fusion
Sixnanometer nanodiscs are too small to accommodate the two lipid bilayers (each 4-5 nm thick) needed to form a purely lipidic fusion pore, yet we observed membrane fusion and content release. These findings suggest that the fusion pore might not proceed through the classical lipidstalkfusion model formed by only phos pholipids 14 . We therefore conducted experiments to determine whether the pore is formed, in part, by the transmembrane domains of SNARE proteins, as posited by the proteinaceousfusionpore model 11 . To address this issue, we reconstituted increasing copy numbers of syb2 into nanodiscs and determined the effects of copy number on bilayer fusion and glutamate release (Fig. 5) . We generated nanodiscs (13 nm) containing one (ND1) to eight (ND8) molecules of syb2 (Supplementary Fig. 5a ) and confirmed the copy number by SEC (Fig. 5a ) and singlemolecule photobleaching experiments (Fig. 5d,e and Supplementary Fig. 5e-h) .
In the absence of Ca 2+ C2AB, glutamate release fell from 70% to 5%, when the copy number of syb2 per nanodisc was reduced from eight to one (Fig. 5c) . However, the lipidmixing signal decreased only ~50% (Fig. 5b) . These results are consistent with those from a previous study showing that content mixing, but not lipid mixing, is highly sensitive to the number of the SNARE complexes in the absence of additional regulatory proteins 27 .
In contrast, in the presence of Ca 2+ C2AB, varying the number of syb2 molecules per nanodisc resulted in similar relative changes in lev els of both lipid mixing and glutamate release (Fig. 5b,c) . We achieved optimal fusion by using nanodiscs containing three or four molecules of syb2. As shown previously, high copy numbers of syb2 resulted in inhibition by Ca 2+ C2AB 31 , perhaps by interfering with the ability of Ca 2+ C2AB to bind to the membrane surface. A key finding was that two molecules of syb2 resulted in relatively efficient lipid mixing and glutamate release (~40% each; maximal efficiency ~70%). Because singlemolecule photobleaching experiments revealed that 99% of Nd2 nanodiscs contained only one or two molecules of syb2, the fusion observed in the presence of Nd2 was not the result of a subpopulation of nanodiscs (<1%) containing more than two copies of syb2 (Fig. 5e) . In line with this conclusion, we also prepared 6nm nanodiscs that con tained two molecules of syb2 and again observed efficient lipid mixing and glutamate release (Supplementary Fig. 5b-d) . Because two mol ecules of syb2 are too few to form a proteinaceous channel, we posit that the fusion pore reconstituted in the nanodiscSUV system is composed of both lipids and SNAREs. However, direct experiments showing that the TMDs of SNAREs physically line the pore were needed to confirm this conclusion; these experiments are described below. 
npg a r t i c l e s

TMDs of SNAREs line the fusion pore
If the fusion pore consists of both lipids and SNAREs, the SNARE TMDs should be tran siently accessible to the medium when the fusion pore opens. To test this hypothesis, we performed scanning cysteineaccessibility assays on the TMDs of both syntaxin1A and syb2 ( Fig. 6d-f) . We initially attempted these experiments in cells. However, because of the short open lifetime of fusion pores, in con junction with the fact that minute number of SNAREs are involved in fusion at any given time, these experiments were not successful. We therefore turned to the nanodiscSUV system, because fusion pores cannot dilate, and efficient fusion can be observed with a relatively low copy number of SNARE proteins. We used MTSES, a membraneimpermeant thiolreactive probe, to determine the exposure of single cysteine residues-substituted in the TMDs of SNAREs-to the aqueous medium upon fusion of nano discs with SUVs. These experiments revealed that specific residues within these TMDs were in fact labeled in a fusiondependent manner (Fig. 6e,f) ; we observed only low levels of labeling in control experiments lacking a fusion partner (i.e., in the absence of nanodiscs or tSNARE liposomes). Hence, the TMDs of SNARE are present within fusion pores and are transiently exposed to the medium during fusion. In the crystal structure of the cis-SNARE complex, all the TMDs form (g,h) Solvent-exposed residues (red) mapped onto the structure of syx1A (g) and syb2 (h). npg a r t i c l e s αhelices that coalesce into fourhelix bundles 40 . When mapped onto these structures, the MTSESlabeled residues are all located on the same side of the syx1A and syb2 TMDs (Fig. 6g,h) ; therefore, this face of the helix lines the pore. To further corroborate this observation, we carried out tryptophan scanning mutagenesis of the TMDs (Fig. 6a-c) . As described in cellbased work, the bulky side chains of tryptophan residues can, in principle, decrease transmitter flux by partially occluding a partially or completely proteinaceous fusion pore [19] [20] [21] . Under the conditions used, wildtype SNAREs, as well as most of the tryptophan mutants, gave rise to glutamate release efficiencies of ~65-75%. However, when we changed specific residues to tryptophan, we observed a significant (P <0.05 by twotailed Student's t test; n = 5 technical replicates) further decrease of up to ~20% (Fig. 6b,c) . Four of these positions (271 and 279 of syx1A, 101 and 105 of syb2) correlated with the MTSESlabeling experiments, thus corroborating the conclusion that these residues line the fusion pore during exocytosis. Two additional positions (269 and 283 in syx1A), when changed to tryptophan, also gave rise to diminished glutamate flux but did not exhibit fusiondependent MTSES labeling. There are a number of plausible explanations for this latter observation, including the possibility that these two tryptophan mutations shortened the fusionpore open time such that it could not be labeled chemically. Nonetheless, these experiments directly demonstrate that the TMDs of SNAREs partially line the nascent fusion pore.
DISCUSSION
Although progress has been made regarding the identification and reconstitution of the machinery that mediates neuronal exocytosis, the structure and composition of the central intermediate structure in the process-the fusion pore-remains unknown. This lack of information is largely because of the transient nature of fusion pores, which remain open for milliseconds in neuroendocrine cells, or prob ably even a shorter time during SV exocytosis, before either rapidly dilating to yield full fusion or closing again. Here, we took advan tage of the rigid framework of nanodiscs, which prevent fusionpore dilation, in conjunction with biochemical approaches, to address the composition of reconstituted fusion pores. Our results are difficult to reconcile with either purely lipidic or purely proteinaceous fusion pores; instead, our findings indicate that the pore is lined by a combination of lipids and the TMDs of SNARE proteins.
Because each lipid bilayer is 4-5 nm thick, a 1nmwide fusion pore would require a nanodisc bilayer of at least 9 nm diameter, according to the purely lipidic fusionpore model. Consequently, we initially thought that fusion would not occur between 6nm nanodiscs and liposomes. Unexpectedly, our results showed that Ca 2+ stimulated bilayer fusion, and glutamate release, could be reconstituted through use of 6nm nano discs, thus suggesting that the fusion pore might not be formed via the simple merger of two lipid bilayers. The lipidmixing signals reported here did not arise from lipid transfer between the proximal leaflets (hemifusion), because dithionite quenching experiments demonstrated that lipid mixing occurred in both the outer and inner leaflets; hence, the bilayers indeed fused in this system. Notably, previous studies have shown that placing additional amino acids at the C terminus of the TMD of syb2 significantly decreases catecholamine release from cultured chromaffin cells 41 and that mutations in the TMDs of syx1A and syb2 alter hormone flux through fusion pores in PC12 cells and chromaffin cells, respectively [19] [20] [21] . These findings are also consistent with the idea that SNARE TMDs line the exocytotic fusion pore.
To monitor the release of a fluidphase marker from pores formed in the nanodiscSUV system, we used a new approach based on glutamate, a bona fide neurotransmitter, in conjunction with the fluorescent glutamate sensor iGluSnFR 23 . In a previous study, high concentrations of Ca 2+ were used as the content marker 27 , but high Ca 2+ concentrations can directly affect the fusion of lipid bilayers 42, 43 and can confound experi ments that include the Ca 2+ sensor syt1. Glutamate is an ideal cargo because the flux of this transmitter mimics the release of glutamate from presynaptic boutons, without cause for concern about possible effects on the physical chemistry of the reconstituted membranes used in these in vitro studies. This approach may also facilitate comparisons between cellbased experiments with reconstitution approaches. However, one concern regarding the use of contentrelease markers is that membrane fusion can be accompanied by membrane leakage, as shown during the fusion of yeast vacuoles 32 . At present, this caveat has not been carefully examined in reconstituted vSUV-tSUV fusion studies because the read out in previous studies has usually been the dequenching of soluble fluorescent dyes upon dilution 44 ; these reporters did not distinguish between membrane fusion and membrane leakage. Using the glutamate iGluSnFR reporter system, we were able to determine the relationship between bilayer fusion, glutamate release and membrane leakage during vSUV-tSUV fusion. We found that the extent of leakage depended on the concentration of syb2 and C2AB; at a low copy number of syb2, and at low C2AB concentration, we observed only low levels of membrane leakage (5%) (Fig. 3e) . Hence, we used these conditions for most of the experiments reported here. In addition, we found that membrane leak age was not affected by proline mutations that disrupt full zippering of the SNARE motif or by deletions in the syb2 TMD (Fig. 4) . Thus, leak age can be readily uncoupled from flux through pores.
The data reported here indicate that the TMDs of SNAREs affect the dynamics of fusion pores by either increasing the probability of open ing or increasing the open lifetime of pores to allow more efficient escape of content. The latter possibility could arise if a few residues in the TMDs of syb2 and syx 1A, near the interface of the membranes destined to fuse, were to physically interact with each other to hold pores open longer 40 . It should also be noted that SNAREs might oligo merize [45] [46] [47] , and at high copy numbers they could potentially form largely or purely proteinaceous channels [11] [12] [13] . Transient fusion pores, formed by the reversible assembly of SNAREs into oligomers, is an appealing idea, because different stoichiometries of SNAREs might determine the size of the pore, which can range from 0.5 nm for small vesicles in the posterior pituitary to 2 nm in beige mouse mast cells 48, 49 . In this light, we note that the number of SNAREs estimated to drive fusion range from 2 to 15 in different kinds of cells [50] [51] [52] [53] .
We also observed that relatively efficient (~40%) glutamate release could be achieved with only two copies of syb2 in the presence of Ca 2+ C2AB, thus supporting previous optical experiments showing that two copies of syb2 are sufficient for Ca 2+ triggered SV exocytosis from cultured neurons 50 . Because a proteinaceous channel requires at least three transmembrane domains, the fusion pore, reconstituted with two molecules of syb2, is likely to be composed of both lipids and SNARE TMDs. In summary, purely proteinaceous channels can, in principle, form at high copy numbers of SNAREs, but at low copy numbers, the fusion pore is composed of both lipids and proteins.
To directly determine whether SNARE TMDs transiently line fusion pores, and to probe their conformation during fusion, we performed scanning cysteineaccessibility experiments, which revealed that resi dues in the TMDs are in fact exposed to solvent. These findings provide the most direct support to date for the idea that SNARE TMDs com pose at least part of the fusion pore. Furthermore, systematic mutagen esis revealed positions in SNARE TMDs that, when substituted with bulky tryptophan residues, resulted in decreases in glutamate release. Similar tryptophanscanning experiments, performed on secretory cells, have also revealed reductions in hormone flux when the same npg a r t i c l e s residues, 101 and 105 in syb2, were mutated 21 . In the case of syx1A, our tryptophanscanning data (indicating that mutations at positions 271, 275 and 279 reduced flux) differ somewhat from the cellbased findings (indicating that mutations at positions 269, 276 and 283 reduced flux) 19 . This discrepancy might be due to different stoichiometries of SNAREs in cells versus our reconstituted system, as alluded to above. Future experiments, in which glutamate flux is measured at the singleevent level, will be required to address these issues.
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